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The A form RNA double helix can be trans-
formed to a left-handed helix, called Z-RNA.
Currently, little is known about the detailed
structural features of Z-RNA or its involvement
in cellular processes. The discovery that certain
interferon-response proteins have domains that
can stabilize Z-RNA as well as Z-DNA opens the
way for the study of Z-RNA. Here, we present
the 2.25 A˚ crystal structure of the Za domain of
the RNA-editing enzyme ADAR1 (double-
stranded RNA adenosine deaminase) com-
plexed to a dUr(CG)3 duplex RNA. The Z-RNA
helix is associatedwith a unique solvent pattern
that distinguishes it from the otherwise similar
conformation of Z-DNA. Based on the structure,
we propose a model suggesting how differ-
ences in solvation lead to two types of Z-RNA
structures. The interaction of Za with Z-RNA
demonstrates how the interferon-induced
isoform of ADAR1 could be targeted toward
selected dsRNAs containing purine-pyrimidine
repeats, possibly of viral origin.
INTRODUCTION
The main difference between DNA and RNA is the pres-
ence of the ribose 20-OH groups; however, this difference
makes the two macromolecules very different with regard
to their biochemical behavior as well as the structures they
adopt as double helices. B-DNA and A-RNA, fundamen-
tally different in structure, are recognized by distinct and
generally nonoverlapping sets of protein domains. Never-
theless, both nucleic acid double helices can undergo
a transition to left-handed double-helical structures, re-
ferred to as Z-DNA (Wang et al., 1979) and Z-RNA (Hall
et al., 1984). Z-DNA is a well-characterized DNA structure
stabilized in vivo by negative supercoiling occurring during
transcription (Liu and Wang, 1987; Wittig et al., 1991) and
in vitro by high-salt conditions (Pohl and Jovin, 1972).
However, the A-to-Z transition of dsRNA in vitro requires
higher salt concentrations and higher temperature thanStructure 15the equivalent B-to-Z transition of dsDNA, indicating that
Z-DNA is energetically more favorable than Z-RNA (Hall
et al., 1984). Despite that, staining with antibodies against
Z-RNA suggests its extensive presence both in the cyto-
plasm and the nucleolus (Zarling et al., 1990). Structural
information on Z-RNA comes from the crystallographic
analysis of chemically modified or chimeric RNAs (Naka-
mura et al., 1985; Teng et al., 1989) or solution studies in
the presence of 6 M concentrations of NaClO4 (Davis
et al., 1990; Popenda et al., 2004). The latter showed
that left-handed RNA helices in this environment are dras-
tically different from Z-DNA, contrary to earlier interpreta-
tions pointing to similar Z-DNA and Z-RNA conformations.
Extensive analysis involving CD, Raman, and NMR spec-
troscopy indicate that more than one species of Z-RNA
may exist (Trulson et al., 1987). However, what is needed
is an explanation of the observed discrepancies and
a characterization of Z-RNA in a likely in vivo environment.
An indication of a distinct biological role for Z-DNA
came with the discovery of a conserved domain (Za),
part of the vertebrate RNA-editing enzyme ADAR1, which
binds specifically and with high affinity to Z-DNA both
in vitro and in vivo (Herbert et al., 1997; Kim et al., 2004;
Schwartz et al., 1999). Further, it was discovered that
ZaADAR1 would also bind to Z-RNA, as seen in circular di-
chroism studies of the dsRNA A-to-Z transition (Brown
et al., 2000). Since the discovery of ZaADAR1, Z-DNA-bind-
ing domains (Z domains) have been found in a number of
proteins whose common feature is that they either partic-
ipate in the interferon-response pathway (DLM-1, PKZ)
(Rothenburg et al., 2005; Schwartz et al., 2001) or are viral
inhibitors of this pathway (E3L) (Kahmann et al., 2004). The
activation of the interferon-response pathway is initiated
by the detection of viral dsRNA. PKR in higher organisms
possesses two dsRNA-binding domains (dsRBDs) that
mediate its activation (Robertson and Mathews, 1996),
while in certain fish species whose genomes have been
analyzed the only known analog is PKZ, a protein that con-
tains two Z domains instead of dsRBDs (Rothenburg et al.,
2005). Thus, it is reasonable to ask whether some Z do-
mains are targeted to Z-RNA rather than Z-DNA. More im-
portantly, ADAR1, but not ADAR2 (which does not contain
a Z domain), edits dsRNA substrates in vitro at signifi-
cantly higher levels when they contain Z-forming purine-
pyrimidine repeats (Koeris et al., 2005). Functionally, the, 395–404, April 2007 ª2007 Elsevier Ltd All rights reserved 395
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The Crystal Structure of a Protein/Z-RNA Complexinterferon-induced form of ADAR1 has been associated
with RNA editing of a wide array of viral genomes, includ-
ing themeasles virus and hepatitis C and D viruses (Catta-
neo, 1994; Horikami and Moyer, 1995; Polson et al., 1996;
Taylor et al., 2005).
Circular dichroism studies have indicated that the
ADAR1 Za domain promotes the A-to-Z transition of
dsRNA in a near physiological environment (Brown et al.,
2000). In the present work, we ask whether ZaADAR1 binds
to Z-RNA in a manner similar to its binding to Z-DNA, and
whether specific interactions with the RNA 20-OH groups
are formed that might suggest a preference for Z-RNA.
At the same time, ZaADAR1 provides an excellent tool for
the structural analysis of Z-RNA at near physiological ionic
strength conditions, and it could provide answers to long-
standing questions regarding the structure of Z-RNA.
Here, we present the 2.25 A˚ structure of a complex of
ZaADAR1 with dUr(CG)3 dsRNA. We show that Za binds
left-handed Z-RNA at low-salt and low-temperature
conditions, and we compare its binding to Z-DNA. The
structure shows defining features of the left-handed
RNA conformation and provides an explanation for the
spectroscopic studies of Z-RNA, indicating the existence
of more than one Z-RNA species. The structure of the
complex shows that Za is a Z-RNA-binding module with
relevance to a number of proteins involved in interferon
response.
RESULTS
The Za/Z-RNA Complex
We determined the structure of the Za domain from
human ADAR1 complexed with a dUr(CG)3 duplex oligo-
nucleotide at 2.25 A˚ resolution (for statistics, see Table 1).
In the asymmetric unit, two similar (rms distance of
0.54 A˚) Za monomers are bound to the Z-RNA duplex,
and each Za monomer interacts with a single RNA strand
(Figure 1). Since there are no contacts between Zamono-
mers, dimerization does not appear to be a prerequisite for
binding, similar to what has been seen for the interaction
of Za with Z-DNA (Schwartz et al., 1999). The interaction
between two crystallographically related monomers
(blue and red on the upper part of Figure 1) is character-
ized by a buried surface of 253 A˚2 and very few intermolec-
ular interactions, suggesting that it rather represents a
typical crystal contact and not a biologically relevant di-
meric molecular interaction. The overall domain fold and
themode of the interaction with the nucleic acid backbone
are well conserved between the Za/Z-DNA and Za/Z-RNA
complexes. The protein maintains its helix-turn-helix fold
with a b sheet, and nucleic acid interactions are made
by residues from the recognition helix and the b sheet.
Five successive phosphates on the Z-RNA backbone
are involved in protein-RNA hydrogen bonding. However,
in contrast to the Za/Z-DNA structures, which show
a pseudo continuous helix along the crystal, the Z-RNA
duplexes in our structure are arrangedwith a 90 angle be-
tween each segment, and, interestingly, the overhanging
dU base of the duplex stacks onto the helix of a neighbor-396 Structure 15, 395–404, April 2007 ª2007 Elsevier Ltd All ring symmetric dsRNA (Figure 1). Modeling of a ribose 20
hydroxyl group on the dU overhang shows that its pres-
ence would sterically inhibit the observed base stacking,
offering an explanation for the requirement of the dU over-
hang for crystallization.
Direct hydrogen bonding interactions with the RNA
backbone are formed by Tyr177, Asn173, Lys169, and
Lys170 from the recognition helix and Thr191 from the
b sheet turn (Figure 2) and are directed to phosphate oxy-
gens as well as the O4 of a ribose ring. The residues
Asn173, Trp195, and Lys187 contribute to interactions
with solvent-mediated hydrogen bonds. Both Za mono-
mers each interact with one RNA strand in a very similar
manner. The most notable difference between the Za/
Z-DNA and Za/Z-RNA complexes is the lack of interaction
of Arg174, which in the Z-DNA structure provides a hydro-
gen bond to the phosphate oxygen of C5, while in the RNA
structure points away from the RNA and forms a crystal-
packing interaction. However, as Arg174 is not particularly
Table 1. Data Collection and Refinement Statistics of
the Za/Z-RNA Complex
Data Collection and Processing
Resolution 25–2.25 A˚
Space group C2221; a = 73.60 A˚,
b = 92.77 A˚, c = 50.23 A˚,
a = b = g = 90
Rsym (%) 7.5 (19.7)
a
Completeness (%) 90.7 (92.5)a
Multiplicity 5.1 (5.1)a
Observed reflections 38,204 (3,383)a
Unique reflections 7,511 (660)a
Wavelength 0.97 A˚
Refinement
R factor for all reflections (%) 19.9
R factor working set (%) 19.4 (21.6)a
Rfree (%) for 9.7%of reflections 24.7 (36.4)
a
Reflections (working set) 6,769
Reflections (test set) 730
Nonhydrogen atoms 1,406
Average atomic B factor
(protein)
23.7 A˚2
Average atomic B factor (RNA) 21.6 A˚2
Average atomic B factor
(solvent)
26.9 A˚2
Solvent molecules 157 waters, 3 Na+
Rms bond distances 0.007 A˚
Rms bond angles 1.198
Rms chiral center restraints 0.053 A˚3
a Statistics in parentheses are for the outer-resolution shell:
2.31–2.25 A˚.ights reserved
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The Crystal Structure of a Protein/Z-RNA ComplexFigure 1. Overall Structure of the Za/Z-RNA Complex
(A) The asymmetric unit has two noninteracting Zamonomers (red space-filling model) bound to a dUr(CG)3 Z-RNA duplex. A second symmetry-re-
lated complex is displayed as structural motifs. The overhanging deoxy-uridine base of each duplex is stacked onto the neighboring Z-RNAmolecule
related by crystallographic symmetry, as seen in the magnification. The Za domain is a typical winged-helix-turn-helix domain, and it contacts five
Z-RNA phosphates with residues from its recognition helix and the b sheet turn. The presence of the RNA 20-OH groups (cyan spheres) does not
hinder the interactions previously seen between Za and a Z-DNA helix; instead, the 20-OH groups participate in the interface by forming water-
mediated hydrogen bonds to the protein. The arrow indicates the two-fold symmetry axis that relates the two complexes.
(B) A rotated view around the y axis of the all space-filling model reveals that the interface between the symmetry-related monomers (blue and red) on
the top is limited and likely represents a crystal contact.conserved among Za sequences, loss of this hydrogen
bond in the cocrystal appears to not have a significant
effect in binding RNA.
Despite very different crystal packing, overall the Za/
Z-RNA complex is very similar to the complex of Za with
Z-DNA. Our analysis thus concentrates on the features
that are unique in RNA: namely, the ribose 20-OH groups.
Our initial expectation had been that specificity interac-
tions for RNA might be achieved through direct contacts
of the protein with the 20 hydroxyl groups. However, the
cytosine 20-OH groups are deeply buried in the minor
groove and not available for protein/Z-RNA contacts,
leaving guanosine 20-OH as the only candidate for interac-
tion. The G2 20-OH forms a water-mediated contact to
Tyr177 (Figures 2A and 2B) in both monomers, and the
G4 20-OH forms a water-mediated hydrogen bond to the
backbone O of Arg174. We observe no direct protein con-
tacts with the exposed guanosine 20-OH RNA groups.
Thus, if Za distinguishes Z-RNA from Z-DNA, it does so
through the additional stability conferred by these water-
mediated interactions.Structure 15, 3We had previously observed that one of the water mol-
ecules mediating the interaction of one C3 phosphate
oxygen with two absolutely conserved residues of the Z
domain family (Trp195 and Asn173) is present in all Z do-
main structures, even in the absence of DNA and with low
B factors (Athanasiadis et al., 2005). Based on these
observations, we speculated on the importance of this
solvent position for the stability of the domain and its inter-
action with nucleic acids. In the refinement of the Za/
Z-RNA structure, this possible water converged to a tem-
perature factor (4 A˚2) much lower than that of the protein
and RNA atoms (12.6 A˚2) that surround it and to which it is
hydrogen bonded (represented as Na+ in Figure 2). This
suggested that this position may in fact be occupied by
a metal ion. Considering the crystallization conditions
and the electron density of the observed peak, we con-
cluded that this position is a Na+ ion (see Experimental
Procedures). The water molecules occupying the same
position in all other Z domain structures display less strik-
ing but also low B factors (10–20 A˚2), and it is possible that
they represent misinterpreted Na+ ions. This is not95–404, April 2007 ª2007 Elsevier Ltd All rights reserved 397
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The Crystal Structure of a Protein/Z-RNA ComplexFigure 2. The Za/Z-RNA Interface
(A) The water-accessible surface of a single RNA strand (gray) as well as the Za residues that form contacts with the RNA backbone are illustrated. On
the surface, ribose 20 hydroxyl groups are shown in orange, and phosphate oxygen atoms are shown in red. All but one of the Za direct contacts are
with phosphate oxygen atoms; Thr191 is hydrogen bonded to ribose O4. Small spheres represent water molecules (red). A candidate sodium ion
(gray) has a central position in the interaction. The second RNA strand, omitted for clarity, is not contacted by this Zamonomer; it has almost identical
contacts with a second Za monomer.
(B) Electron density map (2Fo  Fc) contoured at 1s (blue) and 3s (red) of guanine 2 and Za residues that form Z-RNA-specific, solvent-mediated
contacts. Red spheres represent water molecules, and red, dotted lines represent hydrogen bonds. A sodium ion is shown in purple.
(C) Sequence alignment of representative Za domains whose three-dimensional structure in complex with Z-DNA is known (1QBJ for ADAR1, 1SFU
for E3L, and 1J75 for DLM-1) and of the Za domain of PKZ, the PKR homolog. Conserved residues that form critical contacts with the RNA are high-
lighted red, while other conserved residues (mainly hydrophobic core residues) are highlighted blue.surprising as at nonatomic resolution the electron differ-
ence betweenO andNa+ is too small to be unambiguously
distinguished because the thermal displacement of the ion
can usually mask its electron number difference. The ion
displays a tetrahedral coordination and distances (2.5–
3.1 A˚) from its neighboring atoms, relatively short for water
and long for other biologically relevant metal ions such as
Zn2+ or Mg2+. We also considered the possibility that, due
to the acidic conditions of the crystallization, phosphate
oxygens are to some extent protonated and this position
is occupied by a chloride ion. Such a possibility however
contradicts with the fact that most Za RNA interactions
are identical to those of Za in complex with DNA occurring
at higher pH. If an extensive protonation of the phosphate
oxygens was present at our crystallization conditions,
Lys169 and Lys170 would not contribute with favorable
interactions, and it is highly unlikely that the Za/RNA
complex would form. Moreover, the ion resides closer to
the phosphate oxygen (2.5 A˚) than to the Trp NE1 atom
(3.1 A˚), suggesting that a sodium ion ismost likely occupy-
ing this position. Such an interaction of a Trp NE1 with398 Structure 15, 395–404, April 2007 ª2007 Elsevier Ltd All righa metal ion at low pH values would suggest that the three
invariant Za residues (Tyr177, Asn173, and Trp195) inter-
acting with the two closely approaching RNA phosphate
groups form a highly polarized pocket. The central posi-
tion of the ion in the binding pocket and its invariant inter-
action pose some intriguing questions regarding its role in
the interaction of Za with Z form nucleic acids.
The Z-RNA Conformation
To our knowledge, this is the first structure determined
by X-ray crystallography that displays dsRNA in its left-
handed conformation and is the first structure of Z-RNA
at low-salt conditions. Thus, it provides an opportunity
to define the differences between the Z-RNA confor-
mation and its Z-DNA relative and to identify changes
associated with the high-salt environment found in the
NMR structure in 6 M NaClO4 (Popenda et al., 2004).
The helical parameters for Z-RNA in our complex
closely follow those that have been previously observed
crystallographically for Z-DNA (Wang et al., 1979). In par-
ticular, the helical twist angles average 8.6 for CpGts reserved
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The Crystal Structure of a Protein/Z-RNA ComplexFigure 3. Hydration of the RNA Back-
bone
(A) The 20 hydroxyl groups (larger orange
spheres) participate in four distinct interac-
tions: (i) with guanine NH2 (red, vertical dash);
(ii) as a sodium bridge to the opposite-strand
20 hydroxyl (horizontal, blue dash); (iii) with
a water (W1) linked to the 50 phosphate group
(yellow dash); and (iv) as shown for cytosine
C1, with the 30 phosphate group (purple
dash), in an interaction linked through waters
W2 and W3. The water pattern associated
with only one strand is shown, but a similar
water pattern is observed for all residues.
(B) Electron density (2Fo  Fc) of a GpC step
and the Na+ bridging 20 ribose hydroxyl groups
of opposing strands. The map is contoured at
1s (blue) and 3s (red) levels.steps and 50.9 for GpC steps. This is associated with
base stacking in CpG steps, which is interstrand with G
residues stacking over the ribose moiety of cytidines
(Figure 4E); however, it is entirely intrastrand for GpC
steps (Figures 3B and 4B). This stacking is very different
from that adopted by Z-RNA under high-salt conditions
(Popenda et al., 2004), where intrastrand stacking is ob-
served for CpG steps (for comparison of base stacking,
see Figures 4E and 4F). The ribose moieties of Z-RNA
adopt a C20-endo puckering for cytidine residues and
a C30-endo puckering for guanosines, as has been seen
for Z-DNA. The sole exception is the 30-terminal guanosine
of one strand, which shows C20-endo conformation (see
Table S1 in the Supplemental Data available with this arti-
cle online). For both the Za/Z-RNA and Za/Z-DNA com-
plexes we observe the same sugar pucker preferences,
with the exception that in the Za/Z-DNA complex, the
30-terminal guanosine of both strands adopts a C20-endo
conformation. It is apparent that terminal nucleotides
havemore degrees of freedom and are under the influence
of crystal-packing interactions. In contrast, in the high-salt
NMR structure of Z-RNA, it is found that most G residues
adopt a C40-exo puckering, while cytidines adopt C20-
endo, C30-exo, or C10-exo puckering. Based on the
NMR structure under high-salt conditions, it has been pro-
posed that Z-RNA represents a novel left-handed helixStructure 1significantly different from Z-DNA (Popenda et al., 2004).
Our results are not consistent with such a notion, but
rather point to significant conformational changes of the
Z-RNA helix induced by high salt. As discussed in the
next section, this change in conformation is related to
a collapsed solvation structure. A detailed analysis of the
torsion angles defining the sugar conformation (see Table
S2) suggests that Z-RNA in our structure is closest to the
typical ZI species of Z conformations (Wang et al., 1981).
The Role of 20-OH Groups
Ribose 20 hydroxyl groups are a central feature in the
chemical and structural properties of RNA; thus, we care-
fully examined their role in the Z-RNA structure. It has
been postulated that the cytidine 20-OH groups play an im-
portant role in the stability of Z-RNA, forming intrastrand
hydrogen bonds with the NH2 groups of the preceding
guanosine residue (Teng et al., 1989). Such an interaction
was observed in a high-salt NMR structure of r(CG)3 (Po-
penda et al., 2004) and is also present in our structure
(Figure 3A). This is an important stabilizing interaction as
all distances we observe for this interaction fall in the
range of 3–3.2 A˚, favorable for hydrogen bond formation.
On the other hand, the direct interstrand contact be-
tween cytidine 20-OH groups observed in the high-salt
NMR structure of Z-RNA (Figure 4C) is not seen in the5, 395–404, April 2007 ª2007 Elsevier Ltd All rights reserved 399
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The Crystal Structure of a Protein/Z-RNA ComplexFigure 4. Base Stacking and Backbone
Hydration of the Two Z-RNA Conforma-
tions and that of Z-DNA
(A–F) (A and D) Z-DNA, (B and E) Z-RNA co-
crystal (this work), and (C and F) NMR structure
of Z-RNA in 6 M NaClO4. Dashes show
Watson-Crick hydrogen bonding (blue) and
20-OH hydrogen bonds (red/orange). The
20-OH groups are displayed as larger orange
spheres. The Z-DNA model is from the Za/
Z-DNA complex (Schwartz et al., 1999), and
the high-salt Z-RNA structure is from the
NMR study in 6 M NaClO4 (Popenda et al.,
2004). Distances are given in Angstroms.
Note the overall similarity and the (D and E)
interstrand base stacking of CpG steps in the
Za/Z-DNA and Za/Z-RNA complexes, as op-
posed to (F) intrastrand stacking in high-salt
RNA.Za/Z-RNA complex (Figures 3A, 3B, and 4B). The distance
between the hydroxyl groups seen in the crystal is 4.7–
4.8 A˚, compared with the 2.9–3.1 A˚ distance seen in the
high-salt Z-RNA, which results in a significant (2 A˚) differ-
ence in the minor groove dimensions. In the Za/Z-RNA
structure, the space between the opposite-strand 20-OH
groups is occupied by Na+ ions (Figures 3A, 3B, and
4B), as the stereochemistry of the site suggests. The
sodium ions form a four-way bridge that includes the cyto-
sine base O2 atoms, and they occupy a position that
coincides with the helical axis. Under high-ionic strength
conditions, the 20-OH groups from opposing strands
move 2 A˚ closer, making a direct interaction, and Na+
ions are expelled from the core of the RNA backbone.
However, such a movement cannot be achieved without
major alterations throughout the helix.
Two additional interactions of the ribose 20-OH groups
are with waters W1 and W2, which run along the RNA
backbone and link the 20 hydroxyls with the 50 and 30 phos-
phate groups, respectively, and eventually to each other
through water W3 (Figure 3A). The cytosine 20 hydroxyl
groups form the foundation of a regular and apparently
stable hydration pattern both along the Z-RNA helix and
across its minor groove. This is likely to have a significant
positive effect on the stability of Z-RNA. Systematically
bound waters are also seen in Z-DNA structures (Gessner
et al., 1989); however, in the case of Z-RNA, the 20-OH
groups lead to higher organization by interconnecting oth-
erwise isolated interactions. In the Za/Z-DNA structure,
waters occupying the equivalent position of water W1
are consistently present and are bound by the guanosine
NH2 and the neighboring phosphate oxygen, W2 waters
are consistently absent, and finally W3 waters can occa-
sionally be found. None of these backbone waters or the
sodium ions are being contacted by Za; thus, the charac-400 Structure 15, 395–404, April 2007 ª2007 Elsevier Ltd Alteristic solvation of the Z-RNA backbone does not present
a discriminating surface for Za.
The guanosine 20-OH groups on the other hand are ex-
posed on the surface of Z-RNA and are not expected to
significantly affect Z-RNA stability (Figure 3). However,
they could be a major feature that would distinguish
Z-RNA from Z-DNA for any interacting molecule.
DISCUSSION
Z-RNA Recognition by Za
In the dUr(CG)3 Z-RNA structure, the cytidine hydroxyl
groups are hidden in a very narrow minor groove, and no
contacts with protein groups are observed. On the other
hand, guanosine 20 hydroxyls are exposed on the outer
surface of the helix. Among the three guanosine hydroxyl
groups only that of G2 is contacted by a Za side chain
through a water bridge to Tyr177 (Figure 2). It is difficult
to evaluate the importance of such a water-mediated
interaction: Za forms only six direct hydrogen-bonding
interactions to Z-DNA; thus, one additional hydrogen
bond could have a significant effect on stability, but the
positional flexibility of water molecules probably limits
the recognition capacity of such an interaction. Tyrosine
177 plays a central role in the recognition of the Z confor-
mation, as its ring forms an edge-to-face p bond with the
Z-DNA/Z-RNA-specific guanosine in the syn conforma-
tion as well as a direct hydrogen bond with the phosphate
oxygen. Thus, it is not surprising that Tyr177mutants abol-
ish Z-DNA binding (Schade et al., 1999). In the Za/Z-RNA
complex, it additionally forms a water-mediated bond
to the ribose 20 hydroxyl. Overall, our conclusion is that
RNA and DNA are similarly suited as ligands of the
ADAR1 Za domain, and that the small differences ob-
served in the binding constants (Brown et al., 2000)l rights reserved
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equilibria rather than a binding preference of Za for the
left-handed nucleic acid helix. Clearly, this makes the Za
domain one of the few protein domains able to bind
dsDNA and dsRNA of the same sequence, both in the
left-handed conformation.
The ADAR1 Za domain is present in the interferon-
induced and cytoplasmic/shuttling isoform of the enzyme,
but it is absent from its constitutive and nuclear protein
(George and Samuel, 1999). It is believed that the inter-
feron version of ADAR1 (iADAR1) serves an antiviral role.
Indeed, several RNA viruses show A-to-I genomic hyper-
mutation in persistent infections (Cattaneo, 1994; Hori-
kami and Moyer, 1995). Hepatitis D virus employs editing
by ADAR1 as a switching mechanism between the early
and late stages of its life cycle (Polson et al., 1996). More-
over, replicons of Hepatitis C are suppressed by this RNA-
editing enzyme (Taylor et al., 2005). ADAR1 has three
dsRBDs that can target this enzyme to double-stranded
RNA regions of viruses, i.e. genomic RNA, or regular tran-
scripts with double-stranded regions. At this point, it is not
clear what the Z-RNA-binding domain (Za) may confer, in
addition, for the recognition of viral RNA. It is possible that
induction of Z-RNA is the result of negative supercoiling
introduced by viral replication, as has been shown to be
the case for cellular transcription (Wittig et al., 1991). In
such an event, Za could serve to direct ADAR1 specifically
to negatively supercoiled viral components, reducing in
this way the effect the enzyme may have on cellular
mRNA transcripts or noncoding RNAs bearing double-
stranded regions. Indeed, there is significant evidence
suggesting that ADARs can interfere with crucial dsRNA
pathways such as RNA silencing and micro-RNA-
mediated regulation (Scadden, 2005; Tonkin and Bass,
2003). During upregulation by interferon, the coexistence
of full-length ADAR1 in the cytoplasm along with the
RISC complex could potentially have implications for
cytoplasmic RNA processing.
Evidence for the ability of the Za domain to target
ADAR1 activity on RNAs with Z-forming sequences was
provided in a recent in vitro work in which the editing levels
of double-stranded RNAs bearing CG repeats were sig-
nificantly elevated over RNAs without such Z-forming
sequences when exposed to full-length ADAR1. No such
increase in editing was observed when exposed to
ADAR2, which does not contain Z domains (Koeris et al.,
2005). Similarly, full-length ADAR1 was shown to bind
siRNAs with much higher affinity than the short ADAR1
form lacking Za, although the mechanism underlying this
increase in affinity is unclear so far (Yang et al., 2005).
Za domains are also found in the interferon response-
related protein PKZ. PKZ is a close relative of PKR that
can be found in several fish species. It differs from PKR
in that it has Z domains instead of the dsRBDs normally
found; however, it does maintain an intact kinase domain.
Normally, PKR detects the presence of viral dsRNA
through its dsRBDs, which leads to the activation of the
kinase domain by auto-phosphorylation. PKR then phos-
phorylates the eukaryotic initiation factor 2a (eIF2a), re-Structure 15,sulting in a shutdown of cellular translation (Robertson
and Mathews, 1996). It is reasonable to assume that the
Za domains play similar roles in PKZ targeting of replicat-
ing viral RNAs, as it also phosphorylates eIF2a in the same
position. For several dsRBDs, including those of ADAR2,
recognition of specific structural features of complex
RNA structures plays an important role in their selectivity
of substrates (Stefl et al., 2006; Liu et al., 2000). Thus, it
is becoming increasingly evident that the long-held as-
sumption that dsRBD domains are general dsRBDs with
no binding specificity is at least inaccurate. The presence
of Z domains in PKZ, instead of dsRBDs in PKR, suggests
that they are both activated by dsRNA, one by right
handed and the other by left handed. They are both sig-
nals showing that the cell is infected by a virus. PKR rec-
ognizes viral transcripts bearing regions of dsRNA, while
PKZ may recognize the process of making viral RNA by
detecting negative torsional-strained RNA formed during
replication. Thus, the roles postulated for the ZaADAR1
and the ZaPKZ domainsmay be fundamentally very similar.
The structure of Za complexed to Z-RNA provides evi-
dence for the stability of this interaction, describes how
a Z domain binds Z-RNA, and provides the first, to our
knowledge, view of left-handed RNA in biologically rele-
vant conditions.
Solvation Stabilizes Z-RNA, and Differences
in Solvation Lead to Two Distinct Forms of Z-RNA
The crystal structure of the first protein-Z-RNA complex
presented here shows that Z-RNA is conformationally
very similar to Z-DNA, and its structure does not appear
to be disturbed by protein binding (Figures 4A, 4B, 4D,
and 4E). However, despite their conformational similari-
ties, the two left-handed helices differ significantly in their
solvation pattern, largely due to the presence of the cyto-
sine 20-OH groups.
Comparing Z-RNA stabilized by Za binding to the high-
salt NMR structure reveals drastic conformational
changes (Figure 4). Themost striking change is the closing
of the minor groove by 2 A˚ in the high-salt structure (Fig-
ures 4B and 4C). This movement allows cytosine 20-OH
groups on opposing strands to form a hydrogen bond
with each other. In the Za cocrystal structure, a sodium
ion is forming a four-way interstrand bridge between those
20-OH groups. It appears paradoxical that a concentration
of 6 M NaClO4 leads to the removal of sodium ions from
the RNA backbone. An explanation for this behavior may
rest on the geometry of the low-salt binding site: cytosine
20-OH groups are located at opposing positions and at
a distance of 2.3–2.5 A˚ from the metal ion. However, at
high ionic strengths, and due to decreased phosphate
repulsion between strands, perturbation of the RNA back-
bone would make it unfavorable to retain the Na+ ions.
The conformation of nucleic acids is dominated by the
repulsion of negatively charged phosphate groups. For
example, the conversion of poly(dC-dG) from B-DNA to
Z-DNA occurs in 4 M NaCl (Pohl and Jovin, 1972). The
high-salt concentration shields the repulsion between
charged phosphate groups, and the P-P distances in395–404, April 2007 ª2007 Elsevier Ltd All rights reserved 401
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Here, we compare the conformation of Z-RNA in 0.1 M
Na+ versus 6 M Na+. The higher Na+ concentration shields
phosphate-phosphate repulsions, leading to lower P-P
distances for CpG steps and even lower distances for
the interstrand phosphate contact in 6 M Na+ (on average:
6.1 A˚ for CpG, 6.3 A˚ for GpC, and 6.7 A˚ for the interstrand
contact) compared to 0.1 M Na+ (6.5 A˚ for CpG, 6.0 A˚ for
GpC, and 7.6 A˚ for the interstrand contact). The shorter
P-P distances in 6 M Na+ changes the conformation of
the nucleotides, driving together the cytosines on oppos-
ing chains and eliminating the Na+-binding site formed in
the 0.1 M Na+ structure.
Adjustment to the new backbone conformation leads to
the differences of base stacking and ribose puckering
(Figures 4E and 4F). In the CpG steps, the low-salt
Z-RNA structure shows cytidines stacked over opposite-
strand cytidines, while the high-salt structure shows only
interstrand stacking. The differences in ribose conforma-
tion are difficult to observe in Figure 4 but become clear
by comparing their conformational parameters (Table S1).
Biochemical and spectroscopic analysis of Z-RNA has
led to the proposal of the existence of two forms of
Z-RNA, which have been termed ZD and ZR (Trulson
et al., 1987), but their structural differences are not de-
fined. ZD is ascribed a Z-DNA-like conformation, while
ZR is presumed to be a novel, but still left-handed, helix.
Consistent with this assessment, the Z-RNA bound to
Za in the cocrystal structure resembles Z-DNA and possi-
bly represents the ZD structure, while the high-salt NMR
structure is likely to be responsible for the ZR spec-
troscopic behavior. The two Z-RNA forms have been
observed spectroscopically as a result of using different
salts to induce Z-RNA formation: MgCl2 for ZD and NaBr
or NaClO4 for ZR (Trulson et al., 1987). If the driving force
behind the two conformations is ionic strength, then it is
likely that titration with a single salt would result initially
in an A-to-ZD transition, followed later by a ZD-to-ZR tran-
sition. Unfortunately, in most studies only the final state
has been fully analyzed; however, in at least one case,
ZD was found to be present along with A-RNA at low ionic
strength and to be replaced by ZR at higher ionic strengths
(Hardin et al., 1987).
Z-RNA displays a well-organized network of tightly
bound water molecules spanning the minor groove, with
a Na+ ion proposed to occupy the helical central position
of the RNA backbone (Figures 3A, 3B, and 4B). On the
other hand, the hydration structure in Z-DNA appears
more variable (Gessner et al., 1989), and only the W1
water position is clearly shared between the two confor-
mations. Moreover, in the Za/Z-DNA complex, a water
molecule is found to be bound by the cytosine base O2
atoms at a position equivalent (albeit more distant by
0.4–0.6 A˚) to that of the Na+ ions. A structure cannot pro-
vide a quantitative measure of the stability of the given
conformation; however, it can be said qualitatively that
Z-RNA displays several additional interactions that are
likely to increase its stability relative to Z-DNA. It is well
known that ribose rings usually maintain a C30-endo sugar402 Structure 15, 395–404, April 2007 ª2007 Elsevier Ltd All ripucker, largely due to the presence of the 20 hydroxyl
group. Under some conditions of local stress—in selected
positions of the tRNAPhe chain, for example—the C20-
endo pucker is adopted and is often due to intercalation
(Rich et al., 1980). Systematic use of C20-endo pucker is
somewhat destabilizing, and the cytidine residues in the
Z-RNA structure are found with that pucker. Thus, it ap-
pears that every other residue in Z-RNA is destabilizing,
while, at the same time, the systematic solvation of the cy-
tosine 20-OH group (Figure 3A) has a stabilizing influence.
The net energy balance between stability associated with
significantly increased solvation and instability of the C20-
endo sugars is likely to determine the behavior of Z-RNA. It
is possible that the difficulty in inducing the Z-RNA confor-
mation reflects a higher energy barrier and a more stable
starting conformation for A-RNA (Lesnik and Freier,
1995) rather than an unstable Z-RNA, as has often been
assumed. The RNA A-to-Z transition is strongly tempera-
ture dependent (Hall et al., 1984), as opposed to the rela-
tive temperature independence of the equivalent DNA
B-to-Z transition. It is likely that increasing temperature
effectively surmounts the energy barrier separating two
otherwise rather stable conformations.
EXPERIMENTAL PROCEDURES
A (His)6-tagged Za construct of hADAR1, comprising residues G136–
Q202, was expressed in BL21 (DE3) Escherichia coli by using theOver-
night Express AutoInduction System from Novagen. Cells from a 4 liter
culture were chemically lysed, and the supernatant was applied to
a Ni-NTA column. The column was washed with 5 mM imidazole and
eluted with 300mM imidazole. The eluted protein was dialyzed against
thrombin buffer (5 mM Tris-HCl [pH 8.0], 37.5 mM NaCl, 62.5 mM
CaCl2, and 0.5 mM 2-mercaptoethanol) for 6 hr, and 20 U thrombin
was added to the dialysis bag in order to cleave the N-terminal His
tag. After 16 hr in thrombin, the protein was reloaded on the Ni-NTA
column in order to remove any uncleaved molecules. The flowthrough
was concentrated and applied to a Mono-S FPLC column. Za was
eluted with a 50–500 mM NaCl gradient and was subsequently dia-
lyzed and concentrated to 1.45 mM in storage buffer (10 mM HEPES
[pH 7.4], 20 mM NaCl).
The synthetic RNA dUr(CG)3 obtained from Dharmacon (Boulder,
CO, USA) was deprotected with 20-deprotection buffer (100mM acetic
acid adjusted to pH 3.8 with TEMED) and lyophilized. The oligonucleo-
tide was resuspended in storage buffer (10 mM HEPES [pH 7.4],
20 mM NaCl) to a final concentration of 3.6 mM (single strand) and
was incubated at 80C for 10 min, followed by slow cooling to room
temperature overnight.
The Za-(dUr[CG]3) complex was formed by mixing 0.6 mM protein
with 0.3 mM dsRNA. This mixture was incubated at 37C for 1 hr prior
to setting up the crystallization trials. Crystals of the complex were
obtained by the hanging-drop method, with each drop containing
2 ml of the Za-dUr(CG)3 mixture and 1 ml reservoir solution. The drops
were equilibrated at room temperature against a reservoir containing
100 mM sodium acetate (pH 3.6) and 40%PEG 600. The best-diffract-
ing crystals were obtained by microseeding in a 4 ml complex plus
2 ml reservoir drop equilibrated against 100 mM sodium acetate (pH
3.6) and 35% PEG 600. Needle-like crystals with dimensions of
0.05 mm 3 0.05 mm 3 0.4 mm appeared after 2 days and continued
to grow for about 3 weeks.
Crystals of the Za/RNA complex were directly frozen in liquid nitro-
gen. Data were collected at beamline 19-ID of the Advanced Photon
Source (APS) of Argonne National Laboratory with an ADSC Quantum
315 detector. Data processing was done with MOSFLM (Leslie, 1999),ghts reserved
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The Crystal Structure of a Protein/Z-RNA Complexpart of the CCP4 package (CCP4, 1994), and data were scaled with
SCALA (Kabsch, 1988). Molecular replacement was performed by us-
ing the complex Za/Z-DNA as a search model (PDB code 1QBJ) with
EPMR (Kissinger et al., 1999). The resulting model from molecular
replacement was used for rigid-body refinement with REFMAC
(Murshudov et al., 1997) and was then modified to RNA and fitted into
density with XTALVIEW (McRee, 1999). Repeated cycles of maximum-
likelihood refinement andmodel fitting of omit maps by using REFMAC
and XTALVIEW resulted in a model and density that allowed fitting of
the 50 overhanging base as well as a few amino- and carboxy-terminal
residues not visible in the initial maps. Toward the end of the refine-
ment we observed that one water molecule consistently refined to
a distinctly low B factor value of 4 A˚2. We replaced this water molecule
with different metal ions and subjected the model to refinement.
Sodium ions converged to a B factor of 14.3 A˚2, K+ converged to
28.1 A˚2, Ni2+ converged to 43.9 A˚2, and Zn2+ converged to 46.9 A˚2.
Taking into account the average B factor of 12.6 A˚2 for the atoms
that the metal ion is bound to, the shortest distance from an interacting
atom (2.5 A˚), and the fact that sodium is formally the only metal ion
present in the crystallization mother liquor, we concluded that this po-
sition is occupied by a Na+ ion. The two sodium ions present at the
RNA backbone display an octahedral configuration, and distances
from the non-solvent-coordinating atoms range from 2.3 to 2.6 A˚.
The final model has an R factor of 19.4% (Rfree of 24.7%) and includes
160 solvent molecules. The N terminus is missing 1 and 3 residues
from monomers A and B, respectively, while the C terminus is missing
4 and 1. Analysis of the RNA conformation was performed with 3DNA
(Lu and Olson, 2003). The sequences that appear in Figure 2 were de-
rived from the protein sequence entries with accession codes: P55265
(ADAR1), NP_073419 (E3L), and Q9QY24 (DLM-1) and the nucleotide
sequence entry with accession code AU301066 (PKZ). Sequence
alignments were performed with ClustalW (Higgins and Sharp, 1988).
Visualization, the production of figures, and model study were done
with PYMOL (DeLano, 2002). For the structural comparisons, we per-
formed we used the PDB entries 1T4X (model 1) for the high-salt NMR
structure and 1QBJ for the Za/Z-DNA complex.
Supplemental Data
Supplemental Data include comparison of pseudo rotation angles
of Z-RNA, Z-DNA (bound by Za), and Z-RNA in high salt (Table S1)
and detailed parameters defining sugar conformation in the Za/RNA
complex (Table S2) and are available at http://www.structure.org/
cgi/content/full/15/4/395/DC1/.
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